Abstract
Introduction
Dimensional variation reduction of the product is a crucial engineering objective in both design and manufacturing stages Dimensional variation can stem from both the design and manufacture of a product. Since some manufacturing induced variation is inevitable, it is important to minimize the level of inherent dimensional variation caused by product and process design. Many of the problems associated with dimensional accuracy occur because the capability of the manufacturing process is not considered when designing the product and process. These problems may affect the final product functionality and process performance. For example, large product dimensional variation in an automotive body assembly process may cause product problems such as water leakage and wind noise, as well as process difficulties such as fitting problems in subsequent operations. Clearly, reducing dimensional variation in an assembly process is of critical importance to improve the final product quality. In addition, a better understanding of a process behavior can also bring a reduction in the time needed to launch a new manufacturing system [1] [2] . Early and accurate evaluations of inherent process variation are crucial factors in determining the final dimensional variation of an assembled product. In recent years, the importance of dimensional variation has been observed by an increasing amount of research conducted in the area of sheet metal assembly processes. Since Take observation that for compliant sheet metal assemblies the traditional additive theorem of variance is no longer valid, several models have been proposed to represent the variation propagation on assembly processes.
The models developed can be grouped into four different categories, depending on whether the model is for a single station or a multi-station process, or if the model considers rigid or compliant parts. Station level models treat the assembly process as if it is conducted in one step. In contrast, station models analyze the process recursively as the assembly is moved from one station to the next. Rigid part models do not consider part deformation during assembly so that the part and tooling variation can be solely represented by kinematics relationships. Compliant part models consider the possible deformation of the parts during the assembly process. The models include a force analysis that take into consideration the stiffness of each part and the forces applied by each tool. Dimensional variation modeling and analysis for multi-station manufacturing processes has been developed mainly for rigid parts. Multi-station assembly processes with rigid parts cover a large number of currently used processes such as power-train assembly and general assembly in automotive industry. However, a large group of multi-station assembly processes consider non-rigid parts. For example, most of all assembly stations in automotive body structure manufacturing assemble no rigid parts. Variation propagation analysis for a multi station assembly process introduces new modeling challenges. In comparison to the station level approach, it is necessary to define an appropriate variation representation in order to track the variation propagation from station to station. The variation simulation process is sequential, i.e., to estimate the variation at station i, it is necessary to know the variation at station i21. Moreover, there is a station-to-station interaction introduced by the release of holding fixtures and the use of new fixtures in subsequent stations. Finally, compliant assembly variation analysis requires applying finite element methods to calculate the deformation after assembly. Therefore, the number of calculations increases with the number of stations. Recent publications in each of these areas are summarized in Table 1 . As can be seen, most of the dimensional variation analysis has been conducted for single station or multistation rigid part assembly and some work exists at station level for compliant assembly.
A multistage machining process might not necessarily contain multiple machining stations. If there are different setups on only one machining station, this machining process is still considered as a multistage machining process. When a work piece passes through a particular stage of a multistage machining process, the errors of this stage will be accumulated on the work piece. These errors, in turn, will affect the machining accuracy at subsequent stages. Clearly, for a multistage machining process, product dimensional variation at a certain stage consists of two components: 1) local variation caused by variation sources at current machine stage; and 2) propagated variation due to the machining errors at previous stages. The propagated variation exists because we have to use part features produced at previous stages as the machining datum in the current operation. In multistage assembly processes, the propagated variation is also called reorientation error [3] . This can be illustrated by a simple two-step machining process. The work piece is represented as a metal cube. Perpendicularity between the drilled hole and surface represents the work piece quality and is defined by geometric tolerance. From this example, it is clear that the product dimension quality is a function of local and propagated variation sources in a multistage process. Owing to the complexity of a machining operation, various types of local error sources exist in a single operation. The error modeling and compensation of local variation is an established field. A substantial body of literature can be found on the modeling and compensation of machine geometric errors [4] [5] [6] [7] [8] ; thermal errors [9] [10] [11] [12] ; fixture-induced errors [13] [14] [15] [16] ; and forceinduced errors [17] [18] [19] . These techniques address the links between product dimensional quality and local process error sources in a single operation [20] [21] [22] [23] [24] .
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Dimensional Variation Model
The position of a rigid part or component, when installed in a system, will generally appear off its design position, or the nominal position. The primary cause for this type of dimensional variation is due to the variations in the locating datum scheme. Since the part or component under discussion is considered rigid, its dimensional deviation from its nominal position is treated as a rigid body motion process. Consider a rigid part that originally sits in its nominal position. Its position and orientation must deviate to accommodate the variations at the datum points that are used to locate the part. As the results of the dimensional deviation, the whole part slides a linear distance and rotates an angle. In Cartesian coordinate system, the linear distance is represented by three translational components,
, and the angular movement by three rotational components,
. The position deviation at any point of the part due to the rigid body motion is completely determined by the six components [25] [26] [27] .
This dimensional deviation process can be decomposed into six independent steps in accordance with the six rigid body motion components. Since translational deviations are the same for the whole part, we only need to focus on the rotational movement.
be an arbitrary point of the part. It moves to ) ' , ' , ' ( ' z y x p due to the overall rigid part deviation. Firstly, let's look at the movement of the point on the XOY plan purely due to a rotation about the z-axis, i.e., 
Combining the matrixes in equations (5), (6) and (7) and eliminating higher order terms results in the overall transformation matrix between the final position ) , , ( 
Standard Variation Model
If the tolerances or the standard deviation, are given for the datum points, the dimensional deviations of a point ) , , ( z y x p in terms of the standard deviations can be analyzed using equation (12) .
Analytical Model of Dimensional Variation in Auto-Laydown Robot for Space Solar Module Li Peibo, Fu Zhuang , Zhao Yanzheng
Various methods can be used to evaluate the statistical characteristics of the variation phenomena. Monte Carlo simulation and Taylor series approximation, among others, are probably the most commonly used ones. For datum scheme induced variations where normal distribution well applies and the system is very linear, both methods should generate comparable outputs. However, Taylor series approximation has obvious advantages here because it is in explicit close-form format, easy to use and generate instant results with handy computational tools. Therefore, Taylor series approximation is recommended.
Assuming that all the dimensional variations at the datum points fall in normal distribution, the consequent dimensional deviations at any other points of the part fall normal distributions too. By the first order Taylor series approximation, the variance of a linear function is the summation of the variances of all the variables. In the current case, it is It should be noted that Equation (13) must be adjusted accordingly if other datum schemes are used because the above formulations are derived for a 3X-2Y-1Z datum scheme. Furthermore, the above formulations are derived with respect to datum scheme variations, but the equations apply equally well with any set of six independent dimensional variables on the same part. In problem solving, for example, dimensional measurements are normally taken at many points which may not contain the datum points at all. In this case, six independent measurement data can be selected and used in the place of the datum variations. Of course, the six measurements must be reliable, representative and independent of each other as well. .
Model of Multistage Dimensional Variation Propagation
The process error sources consist of machine errors caused by machine geometric accuracy, thermal error, etc.; setup error due to the fixture and datum errors; and finally, force-induced error caused in part by deformation during cutting. The variation propagation is caused by the datum error. Standards for geometric dimensioning and tolerance were developed in order to regulate the deviation of the work piece features. These standards provide a description of the dimensional and geometric accuracy of a work piece. Another way of classification is to classify the errors into two categories: systematic and random errors. Systematic errors are constant and repeatable and can be viewed as a constant offset, whereas random errors arise from random fluctuations in the system. This classification overlaps the previous one. For example, the fixture error can be both systematic error and random error. In the proposed model, we can consider both systematic and random fixture error. Given the complexity of machining processes, it is very difficult, if not impossible, to develop comprehensive analytical models of the relationship between all error sources and all quality measurements.
To limit the scope of this model, in this paper, we focus on the analytical modeling of the relationship between setup errors and dimensional variation propagation in a multistage process. Since the setup error is the key cause of variation propagation, the influence of setup error on product quality will be thoroughly studied through kinematics analysis. Although other types of errors are not studied in this paper, interfaces to other errors are included in the developed model, making the model flexible: the model can be extended to include other errors components influencing the product quality. The rationality for considering only dimensional instead of both dimensional and geometric variations is that this model focuses on describing the machining variation propagation among different stages. Since most of the geometric variation is determined on a single stage and remains unchanged throughout the whole process, it is unnecessary to build a model describing its propagation. Therefore, geometric variation is not included in this model.
Model Validation
In order to verify the model, an example is generated from the assembly process of an auto-laydown robot. The auto-lay down robot, consists of the mechanisms of adhesive dispensing and auto-laydown, a pneumatic system and a control system. 
The Influence of Intersection Degree of Equipment Center
As shown in Figure 3 is the shaft rotates the three intersection errors of rotary inner shaft center position effect. Ignoring other errors, in the intersection between the frame and inner frame of system error impact is the biggest, the intersection of outer and inner frame and outer frame and the middle frame intersection degree influence the relative minimum; at the same time, the system error and error of angle error change this error effect small. 
The Influence of Perpendicularity Degree of Equipment Center
Perpendicularity error is the end point error affects the maximum error term. Through the simulation can be found, the Perpendicularity Error and initial system indicates the vector has obvious relationship, the initial vector indicating the direction and single Perpendicularity Error corresponds to two axis formed by the plane included angle is bigger, the Perpendicularity Error of end point error smaller effect. Figure 4 shows the shaft rotates, different inner frame axis and the vertical axis of the frame errors on end point error effect curve. 
Conclusion
An analytical approach has been developed to perform variation analysis and robust design for part locating datum systems. The kinematics equations for rigid body motions are simplified through linearization. The simplified formulations explicitly relate the dimensional deviations of a rigid part with its datum scheme configuration and dimensional variations at datum target points. This simplified approach can be used with either the first order Taylor series approximation or Monte Carlo simulation to study the statistical characteristics of datum scheme variations. In order to verify the model, an example is generated from the assembly process of an auto-lay down robot.
